In this study, highly efficient silver halide (AgX)-based photocatalysts were successfully fabricated using a facile and template-free direct-precipitation method. AgX nanoparticles, which included silver chloride (AgCl), silver bromide (AgBr) and silver iodide (AgI), were synthesized using different potassium halides and silver acetate as reactive sources. The size distribution of the AgX nanoparticles was determined by the reaction time and ratio of the reagents, which were monitored by UV-vis spectra. The asprepared AgX nanoparticles exhibited different photocatalytic properties. This shows the differences for the photodegradation of methyl orange and Congo red dyes. In addition, the AgCl nanoparticle-based photocatalyst exhibited the best photocatalytic property among all three types of AgX nanoparticles that are discussed in this study. Therefore, it is a good candidate for removing organic pollutants.
Introduction
Photocatalysts have been widely used in water and air purification to remove organic pollutants [1] [2] [3] [4] [5] [6] . The organic pollutants include, but are not limited to, organic dyes, organic pesticides and organic herbicides. They do not easily decompose under atmosphere conditions. This has a negative impact on the environment. The photocatalytic approach has been considered as a cost-effective alternative strategy for decomposing organic pollutants that are involved in wastewater.
The efficiency of a photocatalytic reaction is determined by the catalytic activity of the photocatalyst. The photocatalyst can be a semiconductor, which can create electron-hole pairs under photo-illumination [7] . Additionally, in recent years, researchers have investigated the catalysts of oxides. This is because their large band gap can make the catalysts chemically stable and they have a strong resistance to corrosion, which is induced by surrounding environments. For instance, titanium dioxide (TiO 2 )-based catalysts have been widely used for the photodegradation of organic pollutants [8] [9] [10] [11] [12] [13] . The band gap of TiO 2 is 3.2 eV. This belongs to the wide band gap semiconductor. The material needs external energy to generate electron-hole pairs. Thus, the TiO 2 -based catalysts with large band gaps require a high-energy ultraviolet (UV) light to be activated. When only solar irradiation is readily available, this leads to lowefficiency. In recent years, intensive research efforts have been made to enhance the absorption coefficient of the catalysts that are in both visible and near infrared regions. The catalytic performance requires further improvement for practical applications [14] [15] [16] [17] [18] [19] . In contrast, the plasmonic photocatalysts that are made of noble metals nanoparticles exhibit high absorption coefficients in a broad UV-visiblenear infrared spectral range. This is due to their strong surface plasmon resonance (SPR) [20] [21] [22] . In particular, as a plasmonic photocatalyst, silver nanoparticles show efficient plasmon resonance in the visible region [23, 24] .
Silver halides (AgX) are highly photosensitive semiconductors. They have been extensively used as photosensitizers and source materials in photographic films. They can also be used as metallic silver precursors [25] . When photons are absorbed, AgX produces an electron and a hole. This causes an electron transfer and, subsequently, the Ag + may transform into Ag 0 . For example, Ag/AgX are photocatalysts that can be obtained from AgX by exploiting their photosensitivity. The photocatalysts are highly efficient and stable under visible-light illumination [26, 27] . Despite the fact that their band gaps are higher than the edge of visible light, AgX is also supposed to be a visible light photocatalytic material [28] . This is due to their good photosensitivity. In this study, AgX nanoparticles, including silver chloride (AgCl), silver bromide (AgBr) and silver iodide (AgI), were fabricated using a facile and templatefree direct-precipitation method in dark atmosphere conditions. The photocatalytic properties of the as-prepared AgX nanoparticles were also investigated and compared. These AgX nanoparticles-based photocatalysts were found to promote the degradation of methyl orange (MO) and Congo red (CR).
Experiment

Materials
Silver acetate (CH 3 COOAg, >99.95 %, Aladdin, A. R., Shanghai), potassium chloride, potassium bromide, potassium iodide (KCl, KBr, KI, >99.5 %, Beijing Chemical Works, A. R.), methyl orange (MO, 96%, Aladdin, Shanghai) and Congo red (CR, >98 %, Aladdin, Shanghai) were used as they were received, without additional purification. In all cases, deionized water (18.2 MΩ cm) from Milli-Q Academic water purification system (Millipore Corp., Billerica, MA, USA) was used.
AgX Preparation
To synthesize the AgCl nanoparticles, a 500 μL aqueous solution of KCl (0.2 M) was injected dropwise into a 10 mL aqueous solution of CH 3 COOAg (0.01 M) at room temperature, using vigorous magnetic stirring within ~five minutes. The solution mixture was stirred continuously for another 0.5, three and six hours, respectively. The reaction vessel was placed in a dark area to prevent the formation of metallic Ag 0 . The initial KCl to CH 3 COOAg ratios were fixed at 2:1 and 1:2. Subsequently, the reactants were collected using centrifugation and washed by ultrapure water. The solid products were dried at 65 ºC for 12 hours. Synthesis of AgBr and AgI was achieved using KBr and KI reagents, respectively, via the same procedure as described above.
Characterization
The sample morphology was characterized using a field emission scanning electronic microscope (FESEM, Hitachi S-4800, Japan) with an accelerating voltage of 5-15 kV and a transmission electron microscopy (TEM, JEOL TEM-2010, Japan) with an accelerating voltage of 200 kV. The energy dispersive X−ray spectroscopy (EDX) was measured with a Horiba EMAX X−act energy dispersive spectroscopy that was attached to the Hitachi S−4800 system. The growth of the AgX nanostructures was monitored using ultraviolet absorption spectra (Shimadzu UV-2550, Japan). The X-ray diffraction (XRD) pattern (Rigaku D/max 2550PC Rigaku, Tokyo, Japan) was obtained using a Cu Kα radiation with an incident wavelength of 0.1542 nm under a voltage of 40 kV and a current of 200 mA. The scan rate was 0.5 degree per minute.
Photocatalytic Activity
Approximately 20 mg as-prepared AgX nanoparticles were added into 100 mL, 10 mg/L, MO or CR aqueous solution. A 250 W high pressure mercury lamp was employed as the light source. The power density was 80 W/cm and the effective range of the emission wavelength was 350-370 nm. The degradation process of MO or CR in the aqueous solution with the presence of photocatalysts was determined by monitoring the absorption peaks at 465 nm and 497 nm wavelengths, for MO and CR, respectively. Fig. 1 shows the cube-like nanostructured AgCl with different sizes and morphology, using a KCl to CH 3 COOAg ratio of 1:1. Fig. 1a shows the aggregates of the small particles when the reactants were collected after about 0.5 hours. The particles were close to the cube-like structure and their sizes were not uniform. Different mixing times were fixed to investigate the influence on the morphology of AgCl. The cube-like AgCl nanoparticles, with an average diameter of ca. 150 nm, were observed when the reactant solution was stirred for three hours (Fig. 1b) . A prolonged mixing time (i.e., six hours) resulted in a non-uniform structure and serious agglomeration, as shown in Fig. 1c . The size of the nanoparticle was larger than that of three hours. It seems that the AgCl nanoparticle became larger when the mixing time was prolonged. Thus, a suitable reaction time will positively affect the preparation of AgCl. The reactions of different reactant ratios were also evaluated. Fig. 2a and 2b show the morphology of the AgCl samples, which were produced using KCl to CH 3 COOAg ratios of 2:1 and 1:2, respectively. These AgCl nanoparticles aggregated into large clusters, which prevented an accurate estimation of their morphology and size distributions. This suggests that the preferred KCl to CH 3 COOAg ratio is 1:1. The UV-vis spectra of the samples are shown in Fig. 1d and Fig. 2c . The broad and strong absorption at 200-350 nm could be ascribed to the characteristic absorption of the AgCl semiconductors [29] . The shift in the band may have contributed to the different sizes of the AgCl nanoparticles. It is worth noting the absence of absorption at 550 nm in the visible-light region. This suggests that silver nanoparticles were not formed during our experiments.
Results and Discussion
AgBr and AgI were also synthesized using the same method that was described for the synthesis of AgCl nanostructures. Fig. 3 shows the TEM images and particle size distributions of three different AgX nanoparticles. All of the nanostructures were well distributed. To be specific, a few AgCl nanoparticles with a main size distribution of 130-170 nm were found (Fig. 3d) . In contrast, uniform AgBr nanoparticles with a size distribution of 140-180 nm were observed, as shown in Fig. 3e . In addition, for the AgI nanostructures that were generated by KI and CH 3 COOH with a ratio of 1:1, the main size distributions were 50-60 nm, as depicted in Fig. 3f . The standard deviations of the AgCl, AgBr and AgI were 48.34, 36.74 and 11.17.
To validate the generation of AgX nanospecies, the components of the nanostructures were investigated by EDX. The x-and y-axis labels were energy/keV and counts/cps, respectively. As shown in Fig. 4a , the Ag and Cl elements were evidently detected. A semiquantitative analysis showed that the atomic ratio between the Ag and Cl elements was approximately 1:1. The data were in agreement with the theoretic stoichiometric atomic ratio between Ag and Cl species in AgCl. The EDX analyses of AgBr and AgI are shown in Fig. 4b and 4c . The atomic ratio between the Ag and Br elements was 1.01:1. The same result was also achieved for the AgI nanostructures. The XRD patterns of the AgX nanostructures are shown in Fig. 4d The photocatalytic performances of as-prepared AgX nanostructures for the photodegradation of MO and CR under visible-light irradiation were further investigated. Blank tests were also made under visible-light irradiation and negligible degradation of MO and CR molecules was detected. Fig. 5a and 5c show the plots of concentration (C) of different dyes [i.e., (a) Mo and (c) CR] against the initial concentration (C 0 ) at the beginning of the reaction versus time. When the AgCl nanospecies were employed as photocatalysts, about ca. 95.97 % of the MO molecules were decomposed after being irradiated for 280 minutes under the current experimental conditions, as shown in Fig. 5a . In contrast, when the AgBr and AgI nanocomposites were used as photocatalysts under the same experimental conditions, ca. 65.29 and 8.15 % MO molecules were decomposed for 280 minutes, respectively. This suggests a significantly higher photocatalytic activity of the AgCl nanostructures than that of the AgBr and AgI nanospecies. The AgI nanoparticles exhibited fairly weak photocatalytic activity for the degradation of the MO molecules. Furthermore, when AgCl was used as a photocatalyst for the degradation of the CR molecules, about 88.58 % of the CR molecules were decomposed after 240 minutes. This degradation rate was much higher than that of 51.98 % and 20.53 %, when using AgBr and AgI (Fig. 5c ), respectively. The plots of ln(C/C 0 ) versus the reaction time (t), shown in Fig. 5b and 5d , exhibited a linear relationship. This indicates that the decomposition reaction of the MO and CR molecules follows the first-order kinetics [30] :
where C is the real-time concentration, t stands for the reaction time and k represents the rate constant. According to Fig. 5b , the rate constants of the photocatalytic degradation of the MO molecules using AgCl, AgBr and AgI were determined to be 0.0114 minutes -1 , 0.0032 minutes -1 and 0.0002 minutes -1 , respectively. On the other hand, the rate constants of the photocatalytic degradation of the CR molecules using AgCl, AgBr and AgI were determined to be 0.0101 minutes -1 , 0.0030 minutes -1 and 0.0010 minutes -1 (Fig. 5d ), respectively. The band gaps of the three AgX nanostructures are different, which may influence the activated process. Thus, their photocatalytic activities may exhibit differences. Furthermore, their photocatalytic processes are related to the energy levels of the conduction band and valance band, the oxidation-reduction potential of adsorbate (Mo and CR molecules) and so on. The morphology and environment of the AgX nanoparticles also have an effect on their photocatalytic properties. Different morphologies lead to different surface areas, which directly determine the photocatalytic activity. Furthermore, different structures may have different catalytically sites [29, [31] [32] [33] . During the degradation process, the molecules of the pollutants can influence the surface and structure of the photocatalysts, which then has an effect on their photocatalysis efficiency. In this work, three kinds of AgX nanoparticles were synthesized with different shapes and their morphology could not be directly compared. When these two pollutants were photodegraded, the AgCl nanoparticles had higher photocatalysis efficiency. Additionally, during the process of visible light irradiation, as the colour of the AgCl changed from white to purple, the Ag nanoparticles may have formed on the surface of the AgCl. Under light, the strong photosensitivity of AgX makes it easier for the reduction of Ag + to Ag 0 . Metal nanostructures with strong SPRs can increase their absorption efficiently in the visible region. The results showed that the AgCl nanoparticles could be used as useful photocatalysts for the degradation of different organic dyes.
Conclusion
In summary, this study reported a facile, one-pot directprecipitation route to fabricate AgX photocatalysts under ambient conditions. The variations of the reaction time and reactant ratio had an important effect on the morphology of the AgX nanostructures. The as-synthesized three nanoparticles displayed different photocatalytic efficiency for catalysing the decomposition of MO and CR under the illumination of the visible light. Among the three AgX species that are discussed in this study, the AgCl exhibited the best catalytic performance. Thus, the as-prepared AgCl could be used as a high-performance visible-light-energized plasmonic photocatalyst for the photodegradation of organic dyes.
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